A prototype hybrid exhaust silencing system consisting of dissipative and reactive components is designed based on the boundary element method (BEM) with a specific emphasis on its acoustic performance as evaluated relative to a production system. The outer dimensions of the prototype system are comparable to its production counterpart, which has two silencers connected by a pipe. The predicted transmission loss by BEM for the prototype is compared with the experimental results in an impedance tube for both the prototype and production hardware, providing a design guidance for the former. The sound pressure levels measured at the tailpipe exit during the engine ramp-up experiments in a dynamometer laboratory are presented to compare the two systems, providing the final assessment. The acoustic effect of the pipe connecting the two prototype silencers is also examined computationally, along with a discussion of the measured flow performance and the surface temperatures of silencers in both systems.
INTRODUCTION
Noise attenuation characteristics of dissipative silencers have been explored analytically (Scott, 1946a; Cummings and Chang, 1988; Munjal, 2003) and computationally (Craggs, 1977; Peat and Pathi, 1995; Cheng and Wu, 1999; Selamet et al., 2001 ) using the acoustic properties of absorbents developed, for example, by Scott (1946b) and Delany and Bazley (1970) . The acoustic characteristics of perforates in contact with absorbent have also been investigated by Ingard and Bolt (1951) , Munjal and Thawani (1997) , and Kirby and Cummings (1998) . Recently, Selamet et al. (2003) suggested a combination of dissipative and reactive -hereafter, referred to as "hybrid" -silencers to enhance the low frequency performance, which may be essential for the exhaust systems of internal combustion engines. They also examined the effect of the tube length connecting two silencers using transmission loss (TL) in the absence of mean flow. The applicability of the hybrid silencers to practical exhaust systems, however, remains to be illustrated.
For such an application, a number of factors in addition to the acoustic performance need to be considered, including backpressure, external surface temperatures, weight, cost, and durability (Munjal, 1987; Beranek, 1988) .
The present study describes the design process of a prototype exhaust system, consisting of dissipative and reactive components, to match or exceed the acoustic performance of a production system with improved flow efficiency. The production exhaust system, shown in Fig.1 , of a Skoda 1.2L I3 engine with two silencers and a connecting tube is used as a baseline. The outer dimensions of the production system are imposed as the constraints for the prototypes, while determining the inner structure based on the BEM predictions in the absence of mean flow. Advantex® continuous strand fiber developed by Owens Corning (Huff, 2001 ) is employed in the dissipative chambers with a density of 100 kg/m 3 .
The complex wavenumber and characteristic impedance of this material are used in the BEM predictions to account for the wave propagation through the absorbing material. A one-dimensional analytical approach is applied for the tube connecting two silencers due to its efficiency for a long tube with small diameter. A combination of the one-dimensional method and BEM is used to investigate the effect of the connecting tube length in the prototype system. The acoustic performance, surface temperatures, and flow efficiency of the production and prototype systems are measured in this study. In an impedance tube setup, the TL is obtained first in the absence of mean flow at the room temperature. The sound pressure level at the tailpipe exit is acquired next in an engine dynamometer laboratory during a ramp up from 1500 to 4500 rpm at both part load and wide open throttle (WOT) for 60 seconds, along with the surface temperatures of the components of interest at 4500 rpm and WOT. The A-weighting is applied to the sound level measured at the tailpipe in order to resemble the frequencydependent perception of the human ear. While TL assists at the design stage, the tailpipe sound measurements have been used for the final assessment of both systems. Finally, the flow efficiency of both systems is compared on a flow bench.
Following this Introduction, Section 2 provides a summary of the analytical and numerical approaches. Section 3 describes the experimental setups used in this study. Section 4 presents the prototype design and compares the production and prototype systems, followed by concluding remarks in Section 5. 
THEORY
This section briefly describes the analytical and computational approaches used in this study: (1) a lumped model to estimate the resonance frequency of a Helmholtz resonator, (2) BEM to predict the transfer matrix and TL of silencers; and (3) a one-dimensional method to calculate the transfer matrix for a long connecting tube.
LUMPED MODEL OF A HELMHOLTZ RESONATOR
Helmholtz resonator that consists of a neck and cavity has been widely used as a reactive component in exhaust mufflers due to its strong acoustic attenuation at low frequencies. The resonance frequency of the Helmholtz resonator can be estimated by a lumped model as
where is the speed of sound in the air, the neck area, the neck length including end corrections, and the cavity volume. This model assumes long wave lengths compared to the geometrical dimensions of the resonator. For a target resonance frequency, such a simple model can be used first to estimate the approximate dimensions of the neck and cavity, followed by a refinement through BEM, which is described next. The boundary element method is useful in predicting the acoustic behavior of silencers, particularly with a complex geometry and/or filled with absorbing material. The transfer matrix and TL of silencers can be calculated using the BEM. The details of BEM can be found in the literature (Brebbia et al., 1984; Ji et al., 1994; Selamet et al., 2003) . The following provides a brief summary of the technique as applied to perforated dissipative silencers. A silencer is first divided into multiple acoustic domains according to their characteristics, for example air and absorbent. The wave propagation is governed by the Helmholtz equation in each domain j:
where j p is the acoustic pressure and k the wavenumber. The boundary of each acoustic domain is fragmented into discrete elements. By assuming a homogeneous medium, the impedance matrix j T for each domain can then be obtained by using numerical integrations and applying the boundary condition of zero velocity at the rigid surfaces:
where u is the particle velocity, and superscript and denote inlet, outlet, and perforate of the domain. The impedance matrices for each acoustic domain are combined according to the boundary conditions, leading to an overall transfer matrix of a silencer that relates the acoustic pressure and velocity at the inlet and outlet as , , i o p
where is the characteristic impedance of air, and the subscripts in and out indicate the inlet and outlet of the silencer, respectively. The TL can then be calculated from the transfer matrix as The boundary condition at the perforation interface is expressed in terms of the perforation impedance as
where p is the acoustic pressure difference across the perforations. Sullivan's widely used empirical expression (1978, 1979) for a perforation in contact with air on both sides is modified, in light of Kirby and Cummings (1998) , for the one facing air and absorbent material as
where is the duct thickness, d the perforate diameter, and w t h the duct porosity.
ONE-DIMENSIONAL THEORY
One-dimensional analytical method may be appropriate to obtain the TL of the Helmholtz resonator with a long neck or cavity. When applicable, this approach is also desirable for a long connecting tube compared to the BEM by saving substantial time in mesh preparation and computation. The transfer matrix of a tube with constant cross section can be expressed, with the assumption of planar wave propagation, as
, (10) where L is the tube length. The transfer matrix of the overall system can be obtained by multiplying Eq. (10) and the transfer matrices calculated by the BEM. Then the TL of the system can be determined using Eq. (5).
EXPERIMENTAL SETUP
Experiments are conducted in three facilities: an impedance tube, an engine dynamometer cell, and a flow laboratory. The impedance tube setup is used first to acquire the TL of silencers in the absence of mean flow. The two microphone method is applied using a speaker, a pair of two microphones, and a frequency analyzer. The speaker is controlled to generate either random noise or single sine wave depending on measurements. The auto-and cross-spectra from four microphones are processed by a frequency analyzer to calculate the TL. The termination of the setup has a 5 m long pipe filled with fibrous material to achieve an anechoic termination.
Second, the sound levels at the tailpipe exit of an engine are measured using a dynamometer facility, where a Skoda 1.2L I3 engine is installed. The engine is ramped up from 1500 to 4500 rpm at both part load and WOT for a duration of 60 seconds. The part load is chosen as the 40 % pedal position relative to the WOT. A sound pressure level meter (B & K Type 2235) is placed 10 inches away from the tailpipe end, and at a 45 angle with the pipe axis. The sound is recorded by a digital audio recorder (SONY PCM-R500) and processed by the MTS Sound Quality Software, which can reproduce the sound data in the form of linear and A-weighted overall sound pressure levels, order tracking, and sonograms. The surface temperatures of the production and prototype systems are also measured during the dynamometer experiments using thermocouples attached to the surfaces. Third, the flow efficiency of silencers are measured in the flow laboratory. The pressure drops through individual components or systems are acquired for various mass flow rates that are comparable to the flow rate in the exhaust systems of the engine used in the study.
PROTOTYPE DESIGN AND RESULTS

PROTOTYPE DESIGN
The objective of this study is to design a prototype muffler system which combines dissipative silencers and a Helmholtz resonator to accomplish a simpler flow path and an equal or better acoustic performance in comparison to the production system depicted in Fig. 1 . Figure 2 shows the schematics of the prototype system consisting of upstream and downstream silencers. The two silencers are connected by a tube of 3.4 cm diameter. The perforated dissipative silencer with a baffle is located at the upstream of the system as shown in Fig. 2(a) . The dissipative chamber is filled with the Advantex® continuous strand fiber from Owens Corning with a density of 100 kg/m 3 . The porosity of the perforated duct is 39.7% and the hole diameter is 5 mm. The BEM predictions illustrate that high duct porosity will increase the TL at higher frequencies. While the diameters of the inlet and outlet pipes are specified by the production system, 3.9 cm for the diameter of perforated duct is adopted to compromise the high area ratio of the outer chamber to the perforated duct and slow flow velocity in the duct. A baffle is used in the silencer to improve the acoustic performance at high frequencies.
The downstream silencer shown in Fig. 2(b) has a Helmholtz resonator and a dissipative chamber located at the end of the silencer to suppress the flow noise. The center chamber is placed to facilitate sufficient interaction between pressure fluctuations and the Helmholtz resonator. The resonance frequency of the Helmholtz resonator is tuned to 90 Hz at room temperature, which is lower than that of the production silencer at 120 Hz. The resonance frequency in the engine will be higher due to higher exhaust gas temperatures. The resonance frequency can be readily modified by varying the length and cross-sectional area of the neck. The dissipative chamber is filled with fibrous material of 100 kg/m 3 density, and the perforated duct has 40% porosity with 5 mm hole diameter. The perforated duct diameter of 4.9 cm is used to lower the flow velocity in the duct. Since the production silencer has a tube connecting the upstream and downstream silencers with about 1 m length, the same length is adopted for the prototype system.
RESULTS
While BEM is used to predict the TL of each prototype silencer and the overall system including the connecting tube, an impedance tube setup is employed to measure the TL of the prototype system. Figure 3 shows the predicted TL of each prototype silencer. The upstream silencer shows wideband attenuation characteristics with single peak around 1900 Hz, whereas the downstream silencer has a narrow peak at low frequency due to the Helmholtz resonator in addition to the overall high attenuation as a result of the dissipative component. Figure 4 shows the effect of connecting tube length for the prototype system using the BEM predictions for the silencers combined with the one-dimensional model for the connecting tube at low frequencies. While does not strongly influence the location of the peak due to the Helmholtz resonator, the systems with and 1.5 m show significantly lower TL compared to that of m around 190 and 180 Hz, respectively. Thus m exhibits a favorable behavior for the current silencer combination. In general, such a length will be affected by the characteristics of each silencer [Refer, on this effect, to Davis et al. (1954) and Li et al. (2003) for empty silencers.] Figure 5 illustrates the comparison of TL between production and prototype systems for the frequency range up to 3200 Hz. The prototype system shows higher TL throughout the overall frequency range except around 400 and 500 Hz, The sound pressure level at the tailpipe exit of an engine mounted on a dynamometer is used next for the final assessment of the acoustic performance of production and prototype systems. The quantitative behavior of the tailpipe measurements is anticipated to be somewhat different from the TL predictions due to a number of factors, including the effect of mean flow, high sound pressure amplitudes, and source and termination impedance. Figure 6 shows that the production system has a lower overall linear (no weighting) sound pressure level except low rpm (~1700) for both 40 and 100% pedal positions. Since the linear overall sound pressure level does not reflect the human perception which is less sensitive to low frequencies (Everest, 2001) , an Aweighting is applied for the final evaluation. Figure 7 shows that the prototype system has a lower A-weighted sound pressure level at both operating conditions compared to the production system. This may be attributed to the effectiveness of the absorbent in suppressing the high frequency noise. The lower sound pressure level at high frequencies in the prototype system is illustrated in Fig. 8 which shows the frequency components with varying rpm for both systems. Engine Speed (RPM)
OSPL (dB)
Prototype System, 40% Pedal Position Production System, 40% Pedal Position Prototype System, 100% Pedal Position Production System, 100% Pedal Position Figure 6 . Comparison of sound level at the tailpipe between production and prototype systems (linear). Engine Speed (RPM)
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Prototype System, 40% Pedal Position Production System, 40% Pedal Position Prototype System, 100% Pedal Position Production System, 100% Pedal Position Figure 7 . Comparison of sound level at the tailpipe between production and prototype systems (A-weight). In addition to the acoustic performance, the flow efficiency in the exhaust system is important to maintain relatively low backpressure, hence low pumping work for engine performance. Thus, the prototype system is designed to have a simpler flow path than the production system. The experimental results of the flow efficiency for both systems are shown in Fig. 9 . The prototype system has lower pressure drop for the same flow rate, leading to a better flow efficiency and lower backpressure. Another desirable feature of the filling material is the lower surface temperatures of silencers resulting from the thermal insulation due to absorbent. The surface temperatures at various points shown in Fig. 10 (a) for both systems are measured at the engine speed of 4500 rpm. The locations T3 for the production, and T2, T3, and T7 for the prototype system are the surfaces in contact with fibrous material. Figure 10 (b) shows that the surface temperatures with the absorbent inside are lower than 350 C for both systems. Even though an exact comparison is not possible here due to internal design differences, the surface temperatures with filled systems are lower compared to their unfilled counterparts. The lower surface temperatures would help reduce the need for external thermal insulation, be beneficial in dealing with the thermal fatigue of the muffler shell, and possibly allow the use of alternative materials for the shell such as composites. 
CONCLUSION
A new prototype muffler system is designed by using dissipative components and a Helmholtz resonator by matching outer dimensions of a production system. A number of approaches, including lumped, BEM, and one-dimensional, are used for the prediction of acoustic performance (TL) of silencers at the design stage. Linear and A-weighted sound pressure levels are measured at the tailpipe exit of an engine for both production and prototype systems in an engine dynamometer cell. In addition to the acoustic performance, flow efficiency and surface temperatures of both systems are experimentally obtained and compared. The following is a brief summary of the findings:
The appropriate use of fibrous material can effectively suppress the high frequency noise. A downstream location is desirable for the installation of the absorbent material to suppress flow noise generated inside the system. Properly combined dissipative and reactive components can improve both acoustic characteristics and the flow efficiency. A-weighted sound pressure level at the tailpipe exit provides an appropriate final assessment for the acoustic performance of the system. The effect of connecting tube length is significant and should be considered in the design of overall system. The surface temperatures can be significantly reduced by the fibrous material.
